Noise measurements have been carried out in the LISA bandwidth (0.1 mHz to 100 mHz) to characterize an alloptical atomic magnetometer based on nonlinear magneto-optical rotation. This was done in order to assess if the technology can be used for space missions with demanding low-frequency requirements like the LISA concept. Magnetometry for low-frequency applications is usually limited by 1/ f noise and thermal drifts, which become the dominant contributions at sub-millihertz frequencies. Magnetic field measurements with atomic magnetometers are not immune to low-frequency fluctuations and significant excess noise may arise due to external elements, such as temperature fluctuations or intrinsic noise in the electronics. In addition, low-frequency drifts in the applied magnetic field have been identified in order to distinguish their noise contribution from that of the sensor. We have found the technology suitable for LISA in terms of sensitivity, although further work must be done to characterize the low-frequency noise in a miniaturized setup suitable for space missions.
Introduction
The evolved Laser Interferometer Space Antenna (eLISA) is a mission concept proposed as a large (Lclass) space mission of the European Space Agency (ESA) designed to detect low-frequency gravitational radiation. It will be formed by three drag-free spacecraft in triangular configuration with one-million-kilometer arms, with each spacecraft containing one or two "freefalling" macroscopic bodies called test masses (TMs) [1] . Gravitational wave (GW) detection requires interferometry measurement at the picometer level between two test masses along an arm due to the tidal deformation of spacetime caused by GWs. For this reason, the environment where such bodies will be located must be very quiet (in relation to disturbances exerting forces in the bodies), otherwise the motion provoked by the different noise sources perturbing the free floating bodies would conceal the GW signal. The LISA top-level requirement in terms of acceleration noise S 1/2 δa,LISA (m s −2 Hz −1/2 ) in the frequency band between 0.1 mHz ≤ ω/2π ≤ 100 mHz is plotted in Fig. 1 . At frequencies below 1 mHz, the noise is dominated by the residual acceleration noise of √ 2·3 fm s −2 Hz −1/2 caused by magnetic or temperature forces among others [2] . At higher frequencies, the sensitivity is limited by the armlength-measurement noise in the interferometer [3] . Owing to the magnetic properties of the TMs, more precisely their magnetization M and magnetic susceptibility χ, one of the main contributions to the total acceleration noise budget is the magnetic field B in the spacecraft. The force on the TM volume V induced by a magnetic disturbance is given by
Since the magnetic background in the spacecraft can induce a residual acceleration noise on the TMs and therefore deteriorate the efficiency of the instrument, its magnetic contribution needs to be quantified and suppressed from the main data stream. For this reason, magnetic sensors are needed to map the environmental magnetic field and its gradient. These magnetometers can not be placed at the sites of the TMs, which is the region of interest, in consequence an interpolation method needs to be implemented [4, 5] .
The low-frequency noise limits the performance of the on-board instrumentation. Hence, magnetometers and optimized electronics need to be assessed in the LISA bandwidth, since at sub-mHz frequencies, sensor noise is usually dominated by the 1/ f contribution and thermal drifts. Previous studies on this subject were carried out with magnetoresistance-based magnetometers, suggesting the technology as a potential option for eLISA [6] . We are currently investigating sensors based on alkali-vapor cells [7] as an alternative to fluxgate magnetometers, which are commonly employed in space applications. Alkali-vapor magnetometers are absolute sensors, since the spin-precession frequency is related to the magnitude of the field by fundamental constants. In this regard, they are unlike fluxgates and magnetoresistances, which measure small changes in the field but not its actual value without precise calibration. Therefore, it is plausible that atomic magnetometers might be better for low-frequency applications. Theoretically, their sensing elements are not subject to intrinsic 1/ f noise, although in practical situations, there are noise sources that might be relevant at very low frequencies. For instance, drifts in the power, wavelength, or polarization of the pump and probe lasers will determine the "light shift"; a light-induced shift in the alkali Zeeman energy sublevels which can mimic the effects of an applied magnetic field [8, 9] . The overall light shift will also be influenced by changing cell temperature or alkali-vapor density, which will affect attenuation of the beams within the vapor. Other potential sources are the drifts in the phase or duty cycle of the pump laser waveform, intrinsic noise and temperature dependence of the electronics and changes in the stray magnetic field from the components surrounding the vapor cell. By definition, the latter is not categorized as magnetometer noise. Nevertheless, it is crucial to disentangle the influence of magnetic-field drifts so that we may study the intrinsic sensor noise. It is important to remark that eLISA is a demanding mission in terms of low-noise/low-frequency concepts. For these reasons, the study below the corner frequency of the 1/ f noise is critical and it differs from the wideband applications, where usually only the noise floors are of concern. Some of the estimates we performed are based on the 1/ f behavior, which is characterized by the whitenoise floor and the corner frequency. Other parameters also critical in the low-frequency band, such as ambient temperature fluctuations, are derived from laboratory measurements.
Atomic magnetometry: Preferred techniques
Atom-based magnetometers are the most sensitive devices to measure magnetic fields, furthermore they do not need the bulky and expensive cryogenic refrigeration required in superconducting quantum interference devices (SQUIDs). The spin-projection-noise-limited sensitivity δB SNL of an atomic magnetometer during a measurement period T is given by
where γ is the gyromagnetic ratio of the atoms and δB SNL scales with the size and temperature of the cell by means of the coherence time τ and the total number of atoms N. Since the fundamental sensitivity limit of atomic magnetometers is much better than the required sensitivity for eLISA, we can trade off sensitivity for size/temperature of the cell, motivating the technology for space missions. Previous results assuming the spin-projection noise as the limiting noise source, suggest that magnetometer containing optimized cells with a size between 1 cm and 10 µm can reach noise levels around 1 fT Hz −1/2 and 10 pT Hz −1/2 , respectively. The corresponding cell temperature may vary from room temperature for the largest cell to 110 o C for the 10 µm cell [10] .
Various techniques to measure the Larmor precession frequency Ω L of atomic spins have achieved excellent sensitivities at room temperature, although most of these techniques have been studied at higher frequencies (≥ 0.1 Hz). Our interest consists in the detection of small magnetic fluctuations in the low-frequency region and at ambient temperature. Hence, based on the experience with the Magnetic Diagnostics for LISA Pathfinder (eLISA's precursor mission) constituted by a set of four tri-axial fluxgate magnetometers and two coils [11] , the main sensor selection criteria for eLISA are viability for miniaturization, low noise in the millihertz region and small back-action effect on the spacecraft environment. This is due to, firstly, the fact that space applications have strict requirements in size and weight, and smaller sensors allow more of them to be incorporated in the spacecraft. Furthermore, spatial resolution is increased with a more compact sensor head. Secondly, regarding the sensor noise and frequency range, in the more demanding scenario both shall be one order of magnitude lower than the LISA Pathfinder requirement (10 nT Hz −1/2 at 1 mHz). This implies a noise level in the measurement system of
Finally, the selected magnetometer should have sufficiently low magnetic and thermal back-action effects on the spacecraft environment to avoid disturbances on the TMs [12] . A sensor fulfilling these requirements would also be well-suited for use in magnetically sensitive fundamental physics experiments requiring long integration time, such as the search for a permanent electric dipole moment of the neutron [14] and high-precision measurements of the weak equivalence principle using space atom interferometry in STE-QUEST [15] .
Chip-scale magnetometers based on magneticresonance phenomena can be driven either with radio frequency (RF) fields or with modulated light. A coildriven magnetometer [16] with micro-fabricated vapor cell has demonstrated noise levels of 5 pT Hz −1/2 for a bandwidth from 1 to 100 Hz, however the magnetic field created by the RF coils for this method could constitute a potential source of disturbances to the eLISA performance [12] . Similar noise level has been measured in a frequency-modulated Bell-Bloom magnetometer (FM BB), using also millimeter-scale cells [17, 18] . For the two previous arrangements the cell needs to be heated to create sufficient atomic density for the measurement, which could also be detrimental for the quiet thermal environment required in the TM region (≤ 100 µK Hz −1/2 at 1 mHz for LISA Pathfinder) [19] . In this work we study the low-frequency noise in a magnetometer prototype based on nonlinear magnetooptical rotation (NMOR) [20, 21] , which retains the all-optical excitation with the advantage that the vapor cell is at room temperature and heaters are not utilized [18] . In Sec. 2 we discuss the test setup using nonlinear magneto-optical rotation with amplitude-modulated light (AM-NMOR). In Sec. 3 we analyze the noise contributions of two important circuits for the magnetic field measurements in the experiment. The experimental results are shown in Sec. 4 and, finally, the main conclusions of the work are summarized in Sec. 5.
Magnetometer setup using AM-NMOR
The sensor core is a 1-cm diameter and 3-cm long cylindrical antirelaxation-coated cell containing 133 Cs atoms. The light of a distributed-feedback (DFB) laser [22] is split in a two-beam arrangement with linearly polarized probe and pump light, and it is frequency stabilized near the D 2 line by means of a dichroic-atomicvapor laser lock (DAVLL) [23, 24] . The linearly polarized pump beam is square-wave modulated with a 10% duty cycle at a frequency of ∼ 2Ω L in order to generate atomic alignment [25] . This amplitude modulation is provided by an acousto-optic modulator (AOM) with a RF of 80 MHz such that it drives the coherent precession of the atoms about the external magnetic field to be measured [26] . The continuous probe and modulated pump beam pass through the vapor cell with approximately the same time-averaged light power of ∼ 1 µW. Finally, the amplitude of the probe optical rotation is measured with a balanced polarimeter at the modulation frequency Ω m , where the current difference between the two silicon photodiodes (OSD 15-0) is changed to voltage by a transimpedance amplifier (TIA) and is then demodulated with a phase-sensitive detector. The experimental schematic is shown in Fig. 2 .
There are different ways to measure the magneticresonance frequency with the same setup: We can map out the whole resonance curve by stepping the modulation frequency, or we can make a single-point measurement of the dispersive trace near the center of the resonance. For the former open-loop method, the dynamic range and the measurement rate are limited by the narrow resonance and the slow scan of the resonance curve, respectively. The latter method requires a continuous closed-loop mode to keep the in-phase component locked, i.e., a digital controller that follows the null output of the quadrature component or the equivalent phase signal by tuning the frequency of the pulse generator which drives the modulation. This method of magnetometer operation is also useful to track slow drifts in the measured magnetic field. As can be seen in Fig. 3 during long-term measurements (∼ 12 hours), the magnetic-resonance signal used to measure the Larmor frequency shows variations in the amplitude of the in-phase (absorptive) component, as well as the quadrature (dispersive) component obtained from the lock-in amplifier output. Barring fluctuations in the phase of the resonance, the zero-crossing of the dispersive term (at Ω m = 2Ω L ) does not shift when either the amplitude or the width of the resonance changes. Such changes can arise from variations in the cell temperature or laser power.
For noise measurements, the Cs cell is placed inside a five-layer µ-metal shielding equipped with a solenoidal coil to apply a bias field along the probe-beam path. An external field is applied to operate the magnetometer at a frequency higher than the linewidth of the resonance, where synchronous optical pumping is employed. Mag- netic field fluctuations inside the shield can be caused by the thermal magnetization noise, Johnson noise currents within the magnetic shield itself and unshielded ambient magnetic field fluctuations, but they are not expected to be the dominant source in our measurement (< 100 fT Hz −1/2 ) [7, 27, 28, 29] . One of the critical parts of the setup in the low-frequency band is the stability of the magnetic field created by the coils, which is mostly a requirement on the coil current source. Hence, special care needs to be taken in the design of the current source to avoid it becoming the dominant noise contribution in the millihertz regime and obscuring the intrinsic noise of the sensor.
In order to address the equivalent magnetic field noise of the magnetometer we record the setup parameters, namely power, wavelength, current and temperature of the laser diode, power of the pump light, current through the coil, room temperature and magnetic field, polarimeter outputs (single-sided and differential) and lock-in amplifier outputs. These measurements help us disentangle the different contributions to study the magnetometer noise, e.g., how the temperature drifts can affect the electronics.
The setup contains table-top optics in order to facilitate the optimization of the different parts and parameters of the experiment. However, future work will include efforts to miniaturize the magnetometer. The miniaturized design can be based on fully integrated chip-scale magnetometers [16] or microfabricated remote sensor heads coupled to the laser and photodiodes through optical fibers [7] . The evident benefit of the first design is the possibility to include all the components in a single chip. In contrast, the advantage of the latter approach is to keep the cell clear of possible magnetic disturbances caused by the proximity of the laser and electrical connections. Besides, the second design is specially useful when an array of sensors is required since some parts can be shared, as for example the stabilized laser, AOM and optical elements.
Electronic noise contributions
As mentioned in Sec. 1, there are many potential sources of magnetic-resonance frequency drift and intrinsic noise in the magnetometer setup. In this analysis we focus on two circuits that need to be carefully designed in order to minimize their contribution to the resultant total noise, these circuits have been analyzed at two different frequencies. At millihertz scales, an important electronic noise contribution might be attributed to the leading-field current source. At higher frequencies 2Ω L , the noise of the probe-beam polarimeter can dominate the noise floor; which is relevant to making measurements with high signal-to-noise ratio. The DAVLL also uses a balanced polarimeter to provide an error signal which locks the laser to the atomic resonance. This signal is DC, so slow drifts in the electronic output of the DAVLL polarimeter can cause slow wavelength fluctuations in the laser, thus creating a timevarying light shift within the vapor. We are presently investigating this potential source of magnetometer noise but have reason to believe that it is small compared to the noise contributions studied here because the linearly polarized pump beam contributes a negligible systematic shift to the magnetic-resonance frequency [30] . Other than the two aforementioned circuits the rest of the electronic boxes shown in Fig. 2 have been selected from commercial instrumentation.
Equivalent Magnetic field noise due to the leadingfield current source
Among the different coil current source topologies that have been analyzed for the experiment, the floatingload current source shown in Fig. 4 has been selected on the grounds of its slightly lower noise and better thermal performance. For the analysis, the noise sources that have been identified in the electronics are the input noise of the operational amplifier, the Johnson noise and the temperature coefficient (TC) in the resistors, as well as thermal dependences of the operational amplifier parameters. The latter are composed of the thermal drift in the bias current TC(I B ), offset current TC(I OS ) and offset voltage TC(V OS ) of the operational amplifier, and they can be neglected since their overall effect is much smaller (0.03 pA K −1 ) than the thermal effect of the resistance (4.3 nA K −1 ). Hence, the overall power spectral density of the current source S I o is approximated as
where i n and e n is the op-amp current and voltage noise spectral density, 4k B R 1 T is the Johnson noise component, k B is the Boltzmann constant, R 1 = 1 kΩ is the current source resistance, T is the temperature, e n,Vref is the voltage noise of the voltage reference, V ref is the output of the voltage reference, α = 0.6 ppm K −1 is the TC of the resistors and S T is the room temperature fluctuations in power spectral density. All the terms in Eq. (4) are frequency dependent except the Johnson noise. Lowfrequency noise in the voltage reference and operational amplifier was modeled by the corner frequency at which 1/ f noise matches the white noise. We used the corner frequency and spectral densities given by the manufacturer, or by experimental data fit. Table 1 and i n = i n1 = i n2 . A current of 7.1 mA is sent through the coil, producing a leading magnetic field of 2.8 µT. For this value of load, Fig. 5 shows the estimated noise density for the selected floating-load source in comparison with three other classical topologies [33] . Fig. 6 shows the calculated noise densities obtained for the selected current source, including the contribution due to the thermal fluctuations measured in the laboratory. In the figure, the excess noise due to the thermal dependences of the circuit is significant only below 0.1 mHz, and thus is outside the eLISA bandwidth. The equivalent magnetic field noise is found by multiplying the current noise expressed in Eq. (4) by the current-to-field conversion of the coil. The theoretical noise is 25 nA Hz −1/2 at 0.1 mHz, which corresponds to an equivalent magnetic field noise of 10 pT Hz −1/2 . This is well below the more demanding scenario for the magnetometer noise level in Eq. (3). The result implies that the designed current source achieves the performance required for the noise measurements of 0.1 nT Hz −1/2 at 0.1 mHz, i.e., to be on the safe side, stability of the applied magnetic field must be at least one order of magnitude less noisy than the limit imposed by the magnetometer requirement or the expected noise of the magnetometer under study. The main source of technical noise in the whole bandwidth is the voltage reference, hence, making use of low-noise voltage references [31] or batteries [32] will help to improve the noise performance significantly. By eliminating this technical noise, the equivalent magnetic field noise would be reduced to around 6.3 nA Hz −1/2 (2.5 pT Hz −1/2 ) at 0.1 mHz without any thermal insulator or active temperature controller.
Polarimeter noise analysis
The polarimeter circuit is a two-stage amplifier formed by a conventional TIA topology and a noninverting amplifier in the second stage. The differential signal resulting from the rotation of the light polarization, that is, the difference of the current from two photodiodes, is converted to voltage with a sensitivity of 11 mV/nA. The differential photocurrent induced by the probe rotation is modulated at 2Ω L , so it is the noise floor of the polarimeter at this frequency which determines the magnetometer's sensitivity. This frequency can range from the ∼Hz scale to hundreds of kHz at Earth's field. For the eLISA mission the magnetic-resonance frequency will possibly be around hundreds of Hz, although the information available so far is not definitive and a wider range needs to be considered. In any case, the low-frequency analysis is important to study the corner frequency of the 1/ f noise, since it could be within the bandwidth of modulation.
The polarimeter circuit including the same intrinsic noise sources as in Sec. 3.1 is shown in Fig. 7 . The expected noise for the two stages of the circuit can be computed from Eq. (5) and Eq. (6). 
where e n,op1 , i n,op1 , e n,op2 , i n,op2 are the noise properties of the operational amplifier for the first and second stage, e R,t is the thermal noise in the resistor, e n,TIA is the voltage noise at the output of the TIA, e n,Ninv is the voltage noise at the output of the non-inverting amplifier, Z f is the feedback impedance and C T is the total circuit capacitance, considering feedback capacitance C f = 7 pF, op-amp input capacitance C op = 7.9 pF and photodiode capacitance C pd = 120 pF. Noise gain due to the photodiode's shunt resistor (50 MΩ) has been considered negligible, in the same way as the noise contribution due to thermal drifts. In order to ensure loop stability and limit gain peaking or oscillations, the feedback capacitor was chosen large enough to get overcompensation; its drawback is the bandwidth reduction (∼ 78 kHz), which is not an issue for the measurement (Ω m = 19.45 kHz). The sensitivity of the polarimeter is set by R 6 = 1 MΩ, R 8 = 1.1 kΩ and R 9 = 11 kΩ and the total output noise (excluding temperature fluctuations which are considered further on in the text) is e 2 n,Pol = e 2 n,TIA 1 +
The polarimeter noise in Fig. 8 was quantified in terms of current spectral density in order to directly compare to the photocurrent shot noise for a 1 µW beam at 852 nm, which becomes ∼ 0.4 pA Hz −1/2 assuming a silicon photodiode responsivity of 0.55 A W −1 . The calculated noise density contributions referred to the input shows that the op-amp voltage noise of the TIA is the main contributor at low frequencies and over 10 kHz (see Table 2 for the op-amp characteristics). The highfrequency effect is due to the response of C op + C pd , where the gain peaking takes effect and is leveled off by the feedback capacitance C f (Fig. 10, solid red line) . At frequencies between 1 Hz and 10 kHz, the shot-noise level plays the main role in the total spectral noise density, followed by the contribution of the Johnson noise of the large TIA's feedback resistor. As in Sec. 3.1, the calculated contribution to the overall temperature dependence of the circuit due to the TC of the resistors is much greater than that due to the drift of the bias/offset current and offset voltage (≃ 0.08 µVK −1 ). Therefore, ignoring thermal drifts in the input-referred errors of the operational amplifier, the temperature dependence of the polarimeter is
where ρ is the photodiode responsivity, P DC is the incident light power and α R is 25 ppm K −1 and 15 ppm K −1
for the TIA and the non-inverting amplifier, respectively. Therefore, we obtain that the polarimeter's TC is 166 µV K −1 (15 pA K −1 or 27 pW K −1 ). Hence, for the thermal environment in eLISA and even in conventional laboratories (S 1/2 T,lab < 1 mK Hz −1/2 at 1 Hz), the noise contribution due to the TC of the TIA is considered negligible (< 15 fA Hz −1/2 ).
In order to reduce the overall noise maintaining the current-to-voltage sensitivity, the second stage could be omitted by increasing the feedback resistor of the TIA. However, for larger values of the feedback resistor, the stray capacitance across the feedback C s has more effect on the bandwidth (C s ≤ 1 pF for carefully printedcircuit layout). For that reason, we do not adopt the single TIA option with higher feedback resistor (11 MΩ), though it would be a better option for lower bandwidth applications. As an alternative, a T-network could overcome such drawback, keeping the same value for the largest resistor (1 MΩ) and eliminating the need for the non-inverting amplifier. Fig. 9 shows the circuit for the T-network TIA with the noise sources considered for the analysis. The theoretical voltage noise for this configuration is The approach to minimizing the output noise is limited by the restrictions that the resistors selected for the T-network must: 1) hold the same sensitivity and similar measurement bandwidth as the two-stage configuration, and 2) have a maximum resistance value of 1 MΩ. The values selected for the T-network are R = 1 MΩ, R 1 = 48.1 kΩ and R 2 = 458.8 kΩ. The noise spectral densities for the topologies that were analyzed are shown in Fig. 10 , where the results exhibit similar noise for the single-stage amplifier with a T-network than for the twostage TIA. There is also a compromise between highand low-frequency noise, and some improvements can be achieved from a trade-off between the input voltage noise and the corner frequency of the op-amp. Fig. 10 shows the performance comparison of the OPA124 and AD8627, where the high-frequency performance is improved at the expense of having higher 1/ f noise (see Table 2 ). The noise has been quantified in terms of output voltage spectral density in order to observe the frequency response of the amplifier's voltage noise contribution. The figure shows the pole response caused by the feedback impedance at the beginning of the highfrequency asymptote, 1 + (C pd + C op )/C f , which is the dominant source of noise over 20 kHz. For this particular case, the motivation for choosing better photodiodes like the S1223-01 with smaller C pd , together with op-amps with lower input voltage noise e n,op would improve the technical noise over 20 kHz, i.e., at fields 6 µT. For our measurements, low-frequency contribution caused by the polarimeter circuit is less critical since the signal is modulated at frequencies where the 1/ f behavior is mitigated. As seen in Fig. 10 , the corner frequency is around 1.5 Hz, which would be within the zero-field resonance for small magnetic field measurements (∼ 1 nT). As a result of the estimated spectral density, the low-frequency contribution is not critical for the possible magnetic field environment in eLISA. In order to confirm the analysis of the circuit, noise measurements were carried out between 0.1 mHz and 10 Hz, where both 1/ f noise and noise floor are represented. Fig. 11 shows that the results are in good agreement with the theoretical predictions using the noise sources considered in the circuit. The measured noise floor is around 2.5 µV Hz −1/2 , which corresponds to an equivalent magnetic field noise of 1.5 pT Hz −1/2 . The polarimeter noise was translated to magnetic field according to the characteristics of the magnetic-resonance curve, i.e., the slope of the absorptive curve gives the relation between amplitude and magnetic-resonance frequency. Given that the magnetic-resonance linewidth is 41.6 Hz and the peak optical rotation signal is 9.9 mV, the voltage-to-hertz ratio is 0.476 mV/Hz. Another recent magnetometer essentially of the same type but with larger vapor cell and magnetic-resonance linewidth of 2.9 Hz reaches a noise level of 50 fT Hz −1/2 [34] . With the present design, measurements with a signal-to-noise ratio of 70 dB can be made using the lock-in amplifier with an equivalent noise bandwidth (ENBW) of 1.25 Hz. 
Equivalent magnetic field noise measurements
For low-frequency noise characterization of the magnetometer in the laboratory, different runs during periods of at least twelve hours were carried out. The amplitude spectral density for the magnetic noise measurements of the magnetometer is
where S Ω m is the noise power density of the modulation frequency, S θ,Ω m is the noise power density of the phase fluctuations translated to frequency, γ is the gyromagnetic ratio for 133 Cs (3.5 Hz nT −1 ) and C is the correlation coefficient for partially correlated signals [35] .
The measured equivalent magnetic field noise of the system shown in Fig. 12 is around 50 pT Hz −1/2 at 0.1 mHz and fulfills the requirement given in Eq. (3). The current applied to the coil has also been measured and converted to the equivalent magnetic noise, where as expected from the estimated value in Sec. 3.1, the noise level is around 8 pT Hz −1/2 at 0.1 mHz. The excess noise observed in the magnetometer at sub-millihertz frequencies is well over the noise applied by the coil. Then, we prove that the characterized electronic noise contribution does not limit the performance of the magnetometer at the lower end of the eLISA bandwidth. Now that the main electronic noise sources have been characterized (current source and detector noise), further work can be done in order to unveil the noise limits at low-frequency, such as light shifts induced by the laser light or alkali density fluctuations. At higher frequencies, the magnetometer noise-floor measurement is ∼ 2.5 pT Hz −1/2 , which is in agreement with the equivalent magnetic field noise calculated for the polarimeter in Sec. 3.2 (the theoretical estimation considering the polarimeter and the shot noise for Ω m = 19.45 kHz is 3 pT Hz −1/2 ). The main contributors to the noise floor are the op-amp voltage noise for the first stage of the TIA and the photocurrent shot-noise of the incident light. The theoretical estimation of the additive noise due to the polarimeter, shot-noise, and current source is shown in Fig. 12 (black trace) . Figure 12 : Equivalent magnetic field spectral density for the magnetometer (red trace) and equivalent noise applied by the floating-load current source (blue trace). Differences at frequencies higher than 10 mHz between the experimental measurements and the theoretical behavior of the current source (Fig.6 ) are due to the limited resolution of the digital multimeter (Agilent 34461A). The black trace is the sum of the theoretical noise of the current source, the polarimeter and the shot noise at Ω m = 19.45 kHz.
Conclusion
We presented the noise performance of an atomic magnetometer based on NMOR with modulated light at sub-millihertz frequencies. To quantify and discern electronic contributions from the overall noise measurement, the polarimeter circuit and the current source for the leading field were characterized in terms of their intrinsic noise and thermal dependence. The estimation of the noise of the circuits is in good agreement with the measurements, which are clearly dominated by the electronic 1/ f noise at lower frequencies and where, the thermal effects start to appear below the measurement bandwidth (< 0.1 mHz). The designed current source creates a quiet magnetic environment which allows us to measure the atom-based sources of drift within the desired bandwidth. In addition, the polarimeter circuit operates below the photon shot-noise level between 1 and 10 kHz; above this frequency range the current-tovoltage converter exhibits gain peaking, which can be readily improved. The magnetometry technique presented in this paper proves to be a promising technology for eLISA in terms of sensitivity, given the fact that it is well within the eLISA requirement at 0.1 mHz. However, due to the size, weight and power restrictions for space applications, further work on sensor miniaturization and its effects on the sensitivity and the lowfrequency behaviour should be performed. This work might be also useful in other applications beyond the scope of eLISA, where small sensors with long-term stability are required.
